Introduction
============

Cancer stem cells (CSCs) are thought be responsible for tumor, recurrence and drug resistance. Target therapies against CSCs are still unmet medial needs.^[@bib1]^ Tumor tissues are comprised of a wide variety of heterogeneous cell types and are thought to be maintained in a hierarchical organization involving a relatively small number of CSCs and higher numbers of dividing progenitor cells and differentiated tumor cells, similar to how normal tissues are derived from tissue-specific stem cells.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ CSCs represent a distinct cell population with the capacity for self-renewal that can prospectively be isolated. Several properties of CSCs have been described, and cancer cells that exhibit some CSC properties have been detected in many solid tumors, including breast cancer.^[@bib3],\ [@bib6]^

CSCs are maintained by their surrounding tumor microenvironment, known as the CSC niche.^[@bib7]^ These CSC niche cells are composed of various types, including tumor cells, which are the progeny of the CSCs. CSCs may survive after systemic treatment owing to protection by the niche cells, causing recurrence or drug resistance. Mathematical models also support the concept that a small number of CSCs are maintained in the tumor tissues, although the molecular mechanisms remain largely unclear.^[@bib8]^ Thus, there is an urgent need for identification of key mechanisms that have important roles for maintenance of the stemness; these mechanisms could prove to be the Achilles\' heel of CSCs, and provide a rationale for development of novel molecular targeted therapies to eradicate tumors.

Emerging evidence suggests that there is a chronic inflammatory microenvironment in the CSC niche.^[@bib7],\ [@bib9]^ It appears that the activity of nuclear factor-κB (NF-κB), a key transcription factor for inflammation, is increased in the tumor microenvironment.^[@bib10]^ The increased activity of NF-κB appears to have important roles for endowing cancer cells with the stem-like properties.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ NF-κB is a heterodimer complex that binds to IκB in an inactive state in the cytoplasm.^[@bib15]^ It appears that HER2/HER3, a heterodimer of members of the epidermal growth factor (EGF) receptor family, activates the phosphatidyl inositol 3 kinase (PI3K)/Akt pathway, leading to phosphorylation of IκB in breast cancer cells.^[@bib16]^ Then, phosphorylated IκB undergoes ubiquitylation/degradation and the released NF-κB heterodimer is transported to the nucleus for transcriptional activation to increase the stemness of breast cancer cells. The key transcriptional targets of NF-κB to increase the stemness of breast cancer cells remain largely unclear.

The ability for *in vitro* tumor sphere formation has been established as a property of CSCs.^[@bib17],\ [@bib18]^ Tumor spheres are floating cell aggregates that are produced when cancer cells are cultured in defined sphere culture medium (SCM) containing a cocktail of growth factors and hormones. Epithelial cells do not survive in suspension; however, cells with stem-like properties are thought to survive and be able to divide in suspension.^[@bib19]^ As it appears that cancer cell lines may survive in suspension because of immortalization, cancer cell lines may have limited usefulness for analyzing tumor sphere-forming ability. It is thus important to use early-passage patient-derived primary cancer cells. We previously reported that heregulin (HRG), a ligand for HER3, can strongly stimulate tumor sphere formation as the sole factor in patient-derived breast cancer cells through HER2/HER3-PI3K/Akt-NF-κB pathway.^[@bib16]^

Insulin-like growth factor 2 (IGF2) is a member of the insulin family. IGF2 binds to IGF1 receptor (IGF-1Rs) homodimers and to IGF1 R and insulin receptor (IR) heterodimers, resulting in PI3K activation, whereas insulin binds to IR homodimers.^[@bib20]^ Although insulin expression is confined to pancreatic β-cells, overexpression of IGF2 has been reported in many types of malignancies. IGF1 R signaling appears to confer resistance to radiation to glioma stem cells.^[@bib21]^

Inhibitor of DNA-binding 1 (ID1) is a member of the ID family of proteins, which are known to control transcription.^[@bib22],\ [@bib23]^ ID proteins bind to basic helix--loop--helix transcription factors that have roles in the negative regulation of cell differentiation, leading to maintenance of stemness.^[@bib24],\ [@bib25],\ [@bib26]^ ID proteins have been reported to be aberrantly expressed in many types of malignancies.^[@bib27]^

To identify key downstream targets of NF-κB that are activated via the HER2/HER3-PI3K-Akt pathway and that are important to increase the stemness of breast cancer cells, we systematically analyzed gene expression profiles over time in breast cancer cells stimulated with heregulin (HRG). We identified many candidate molecules, including many cytokines/chemokines, many of which may have roles in the interaction between CSCs and their niche. We identified the IGF2-ID1-IGF2-positive feedback circuit as a critical mechanism by which the stemness may be increased and maintained in cancer cells. Furthermore, we showed that anti-IGF2/1 treatment completely blocked tumorigenesis in cells derived from an IGF1R^high^ CSC-enriched population in a patient-derived xenograft model. Once the stemness circuit is established, the cancer cells with stem-like properties may become addicted to similar mechanisms for the maintenance of stemness. We thus provide a rationale for development of novel therapies that break the stemness circuit, the Achilles\' heel of cancer stem-like cells. Importantly, it appears that the cancer stem-like cells are addicted to the circuit, irrespective of the breast cancer subtype: luminal A, luminal B, HER2-positive or triple-negative subtype.

Results
=======

IGF2 is a critical downstream target of the HER2/HER3-PI3K-NF-κB pathway for tumor sphere formation of patient-derived primary breast cancer cells
--------------------------------------------------------------------------------------------------------------------------------------------------

To identify genes that are potentially upregulated downstream of HER2/HER3-PI3K-NF-κB pathway, we examined the gene expression profiles in MCF7 breast cancer cells stimulated with HRG in the absence or presence of DHMEQ or LY294002, which are specific inhibitors of NF-κB and PI3K, respectively. Because changes in gene expression levels over time are highly dynamic following stimulation with growth factors,^[@bib28],\ [@bib29]^ we examined many time points, every hour for up to 16 h after stimulation. Our criteria for candidate genes were that their expression levels were increased by stimulation with HRG and inhibited by additional treatment with the above-mentioned inhibitors. Because we obtained data at many time points, we considered differences in expression levels to be significant even when \<1.5-fold at each time point. Several cytokines/chemokines and their receptors were identified among the upregulated genes. When we focused on early time points (up to 6 h after stimulation), the tendency for upregulation of these genes was more obvious ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). These results suggest that cytokines/chemokines and their receptors are directly regulated by the HER2/HER3-PI3K-NF-κB pathway. In total, 100 candidate genes, including the above-mentioned genes, were obtained.

We focused IGF2, amphiregulin (AR) and interleukin-20 (IL-20). *IGF2* was identified as being upregulated at both early time points and continuously throughout the time course ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). We validated the ability of IGF2 to induce sphere formation of patient-derived primary breast cancer cells, and then compared its sphere-inducing ability with that of SCM. When IGF2 was the sole factor present, it induced sphere formation in all patient-derived primary breast cancer cell types in which SCM was able to induce spheres, including cells from luminal subtype and triple-negative subtypes (15/15 samples) ([Figures 1b and c](#fig1){ref-type="fig"} and [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). IGF2 also stimulated sphere formation in many breast cancer cell lines, including the luminal-type MCF7 and T47D, basal-type BT20 and HER2-positive-type BT474 cell lines ([Figure 1d](#fig1){ref-type="fig"}). However, IGF2 modestly inhibited cell growth activity in MCF7 cells under adherent culture conditions ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

AR is a ligand for the EGF receptor.^[@bib30]^ When AR was the sole factor present, it induced sphere formation in several patient-derived primary cancer cells, including cells of the luminal and triple-negative subtypes, but could not induce sphere formation in all of the cases in which SCM was able to induce spheres (2/5 samples) ([Figures 1e and f](#fig1){ref-type="fig"}). AR was able to induce sphere formation of many breast cancer cell lines, including luminal-type MCF7, basal-type BT20, HCC1143 and HCC1954 lines ([Supplementary Figures 3a](#sup1){ref-type="supplementary-material"} and [b](#sup1){ref-type="supplementary-material"}). AR-induced sphere formation more strongly than did EGF.

We next studied the cytokine IL-20. When IL-20 was the sole factor present, it did not significantly induce sphere formation in any patient-derived primary cancer cells examined (\>5 samples, including luminal and triple-negative subtypes), whereas SCM induced spheres ([Figure 2g](#fig2){ref-type="fig"} and data not shown). However, IL-20 induced sphere formation in several breast cancer cell lines, including the MCF7 and BT474 lines ([Supplementary Figures 4a](#sup1){ref-type="supplementary-material"} and [b](#sup1){ref-type="supplementary-material"}). These results indicate that IGF2 and AR, but not IL-20, promote tumor sphere formation in patient-derived primary cancer cells. The different effects of IL-20 on sphere formation in primary cancer cells and in cancer cell lines suggest that cancer cell lines are more prone to form spheres than primary cancer cells, reinforcing the limitations of cell lines.

Since HRG stimulation induces production of many soluble factors, not just IGF2 or AR ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), other soluble factors may compensate during sphere formation. Another possibility is that either alone may be a critical factor for sphere formation, exceeding the effects of the others. We next analyzed sphere formation in the presence of anti-IGF2 or anti-AR antibodies. When patient-derived primary cancer cells or MCF7 cells were treated with an anti-IGF2 antibody during induction of sphere formation by stimulation with HRG, sphere formation was greatly inhibited ([Figure 2a](#fig2){ref-type="fig"}). These results indicated that HRG-induced sphere formation is dependent on IGF2 activity. In contrast, when MCF7 cells were similarly treated with an anti-AR antibody, HRG-induced sphere formation was not significantly affected ([Figure 2b](#fig2){ref-type="fig"}). As AR-induced sphere formation was markedly inhibited by treatment with the anti-AR antibody, the neutralizing activity of the anti-AR antibody remained intact, suggesting that AR induction of spheres is only a minor component of HRG-induced sphere formation. Thus, although HRG stimulation appears to induce many soluble factors, including cytokines/chemokines, IGF2 is a key downstream target of the HER2/HER3-PI3K-NF-κB pathway in HRG-induced sphere formation.

Overexpression of IGF2 increases the tumor-initiating ability of MCF7 cells
---------------------------------------------------------------------------

To further examine the function of IGF2 in sphere formation, we overexpressed IGF2 in MCF7 cells using a lentivirus system ([Figure 3a](#fig3){ref-type="fig"}). IGF2-overexpressing cells displayed sphere formation, even in the absence of any growth factors or hormones ([Figure 3b](#fig3){ref-type="fig"}). Sphere formation was blocked by treatment with the anti-IGF2 antibody, confirming that this activity was dependent on IGF2 ([Figure 3c](#fig3){ref-type="fig"}). Tumor-initiating ability is another criterion for CSC properties,^[@bib18]^ and we compared the tumor-initiating ability of IGF2-expressing cells with that of vector-transduced cells. Following limiting dilution, we inoculated these cells into the mammary fat pads of immune-compromised NOD scid gamma (NSG) mice ([Figure 3d](#fig3){ref-type="fig"}). The tumor-initiating cell frequency was estimated to be much higher in IGF2-overexpressing cells compared with that in control vector-transduced cells (1122-fold; 1/309 vs 1/591 395, *P*=1.62e−33; [Table 1](#tbl1){ref-type="table"}). Thus, IGF2-overexpressing cells show stronger tumor-initiating activity than do vector-transduced cells.

Expression of IGF2 correlates with histological malignancy, recurrence and metastasis of breast cancer
------------------------------------------------------------------------------------------------------

CSC activity is thought to be associated with the malignant phenotype of human breast cancer.^[@bib3],\ [@bib4]^ Histological grading of breast cancer tissues is associated with cancer malignancy, with a higher grade indicating a more aggressive and faster-growing cancer. We used tissue microarray sections of samples from primary breast cancer tumors (*n*=105) to examine correlations between histological grade and IGF2 immunohistochemical expression level. Among 105 cases, 90 were positive for IGF2 and 15 were negative. The IGF2-positive cases were more frequently of a high histological grade (grade II or grade III) compared with the IGF2-negative cases (*P*=0.0002, Fisher\'s exact test) ([Figures 3e and f](#fig3){ref-type="fig"}). We compared the histological grades with major clinicopathological parameters and found that nodal involvement-positive and progesterone receptor (PR)-negative cases were significantly correlated to high histological grades ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}).

We next analyzed the association between IGF2 signaling activity in cancer tissues and the prognosis of breast cancer patients. We performed DNA microarray analysis of IGF2-overexpressing MCF7 cells and control cells to identify genes in which the expression levels were positively or negatively regulated by overexpression of IGF2. Then, combined analysis of expression profiles of the MCF7 cells and publically available gene expression profiles of breast cancer tissues from the patients^[@bib31]^ allowed us to select 545 genes in which the expression levels showed a significant correlation with *IGF2* expression both in MCF cells and in patient-derived cancer tissues. We designated the 545 genes (172 positively correlated genes and 373 negatively correlated genes) as 'IGF2 gene signature\' ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). We then measured the enrichment score of the IGF2 gene signature for each tumor from a breast cancer patient using independent gene expression profiles, and assigned the tumors to high or low IGF2 gene signature groups.^[@bib32],\ [@bib33],\ [@bib34]^ When comparing the high and low IGF2 gene signature groups, the high IGF2 gene signature group displayed a significantly poorer prognosis ([Figure 3g](#fig3){ref-type="fig"})

IGF2 maintains stemness through its receptor, the IGF1 R, which is specifically expressed at high levels in a breast CSC-enriched population
--------------------------------------------------------------------------------------------------------------------------------------------

To examine the mechanisms by which IGF2 has a role in breast CSCs, we analyzed IGF1 R expression in a CD44^high^CD24^low^ cell population enriched for breast CSCs.^[@bib6]^ Fluorescence-activated cell sorting analysis indicated that IGF1 R was more strongly expressed in this CSC-enriched population compared with that in the control cell population ([Figure 4a](#fig4){ref-type="fig"}). In contrast, IR expression levels were at low levels and did not differ significantly between the two populations. We then sorted patient-derived primary breast cancer cells using the anti-IGF1 R antibody to obtain cell populations in which IGF1 R was expressed at either high or low levels. When we stimulated these cells with IGF2 or HRG for sphere formation, the IGF-1R^high^ cell population gave rise to spheres ([Figures 4b and c](#fig4){ref-type="fig"}). However, the sphere-forming ability of the IGF-1R^low^ cell population was markedly low under both of these conditions. Moreover, when we inoculated these cell populations, derived from patient-derived xenografts by limiting dilution, into the mammary fat pads of NSG mice, the tumor-initiating frequency was estimated to be much higher in the IGF-1R^high^ cell population compared with that in the IGF-1R^low^ cell population (131-fold; 1/14 vs 1/1840, *P*=1.98e−11; [Table 2](#tbl2){ref-type="table"}). These results indicate that cancer stem-like cells are enriched for IGF-1R expression.

The IGF2-PI3K-ID1-positive feedback circuit maintains a stem cell state
-----------------------------------------------------------------------

Our findings raised the possibility that IGF-1R signaling stimulates a stemness pathway, leading to maintenance of CSC properties. To analyze the underlying molecular mechanisms, we next performed gene set enrichment analysis,^[@bib14],\ [@bib35]^ by comparing the gene expression profiles of IGF2-overexpressing MCF7 cells with those of vector-transduced cells. We found that several gene sets associated with stemness were enriched in IGF2-overexpressing cells compared with vector-transduced cells ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Among the genes upregulated in IGF2-overexpressing cells, we focused on *ID1*, a core stemness regulator,^[@bib23]^ as *ID1* was the sixth highest-ranked gene in the IGF2 gene signature ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Western blotting confirmed that expression of the ID1 protein was upregulated in lentivirus-transduced IGF2-overexpressing MCF7 cells compared with control vector-transduced cells ([Figure 5a](#fig5){ref-type="fig"}). Moreover, the expression level of the ID1 protein was markedly higher in IGF-1R^high^ cells compared with that in IGF-1R^low^ cells originating from patient-derived primary breast cancer cells ([Figure 5b](#fig5){ref-type="fig"}).

Quantitative real time--PCR (qRT--PCR) analysis indicated that the expression levels of *ID1* mRNA gradually increased over time after stimulation of breast cancer cells with HRG ([Figure 5c](#fig5){ref-type="fig"}). Treatment with an anti-IGF2 antibody blocked the HRG-induced expression of *ID1*, suggesting that *ID1* expression is dependent on IGF2 production stimulated by HRG. The HRG-induced increase in expression of *ID1* was also blocked by treatment with the PI3K inhibitor LY294002 ([Figure 5c](#fig5){ref-type="fig"}). This result indicates that PI3K activity is required for HRG-induced expression of *ID1*. It is known that not only HRG but also IGF2 stimulates PI3K activity.^[@bib20]^ We confirmed that IGF2 stimulation induced expression of *ID1* transcripts ([Figure 5d](#fig5){ref-type="fig"}). When we treated cells with LY294002, the IGF2-induced expression of *ID1* was greatly decreased ([Figure 5d](#fig5){ref-type="fig"}). Thus, it appears that HRG stimulates production of IGF2, which stimulates PI3K to induce *ID1*.

We observed that IGF2 increased ID1 protein levels ([Figure 5e](#fig5){ref-type="fig"}). To examine the biological effects of ID1, we then knocked down *ID1* in breast cancer cells by means of small interfering RNA (siRNA) ([Figure 5f](#fig5){ref-type="fig"}). IGF2-stimulated sphere formation was greatly decreased in *ID1*-knockdown cells, as shown in [Figures 5g and h](#fig5){ref-type="fig"}. HRG-stimulated sphere formation was also decreased in *ID1*-knockdown cells (data not shown). Western blotting indicated that expression of Sox2, a stemness marker,^[@bib36]^ was higher in IGF2-overexpressing MCF7 cells compared with that in control vector-transduced cells and was reduced in *ID1*-knockdown cells ([Figure 5i](#fig5){ref-type="fig"}). In contrast, cell growth under adherent culture conditions was not significantly affected by *ID1* knockdown ([Supplementary Figure 6a](#sup1){ref-type="supplementary-material"}). Apoptosis did not occur rapidly in *ID1*-knockdown cells under sphere culture conditions, as assessed by fluorescence-activated cell sorting analysis of the percentage of cells in the sub-G1 stage of the cell cycle ([Supplementary Figure 6b](#sup1){ref-type="supplementary-material"}). Thus, HRG stimulation induces IGF2, and then IGF2 stimulation induces ID1 to confer CSC properties.

Finally, we examined the downstream targets of ID1 that are induced by IGF2. Interestingly, we found that IGF2-induced expression of *IGF2* mRNA itself ([Figure 5j](#fig5){ref-type="fig"}; siControl). Moreover, when *ID1* was knocked down, IGF2 was not able to efficiently induce *IGF2* mRNA expression ([Figure 5j](#fig5){ref-type="fig"}). These results suggest that an important downstream target of the IGF2-ID1 axis is IGF2 itself. Thus, an IGF2-PI3K-ID1-IGF2-positive feedback circuit is present in cancer stem-like cells, and it maintains the stem cell state. A model of the role of the molecular mechanisms for maintenance of stemness proposed above is shown in [Figure 6d](#fig6){ref-type="fig"}.

Treatment with anti-IGF1/2 antibodies greatly inhibits initiation and growth of tumors derived from the IGF1 R^high^ cell population
------------------------------------------------------------------------------------------------------------------------------------

To interrupt the stemness circuits *in vivo*, we analyzed the effects of anti-IGF1/2 antibodies on initiation and growth of tumors derived from the IGF-1R^high^ cell population. KM1468 is a neutralizing antibody against human IGF1, human IGF2 and mouse IGF2.^[@bib37]^ We added an anti-mouse IGF1 (mIGF1) antibody to the treatment protocol to neutralize mouse IGF1, as described previously.^[@bib37],\ [@bib38]^ We inoculated 10^2^ IGF-1R^high^ cells of patient-derived breast cancer cells (sample no. 7, triple-negative type) into the mammary fat pads of NSG mice and treated the mice with antibodies once a week ([Figure 6a](#fig6){ref-type="fig"}). Weekly monitoring showed no body weight loss in the mice treated with KM1468 ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). Tumors of the patient-derived breast cancer cells were formed in 5/10 mice treated with control IgG after 57 days. Strikingly, no tumors were formed in mice treated with KM1468+mIGF1 ([Figures 6a--c](#fig6){ref-type="fig"}). These results indicate that anti-IGF1/2- neutralizing antibody greatly inhibits initiation and growth of tumors derived from the IGF-1R^high^ cell population of breast cancer cells *in vivo*.

Discussion
==========

We have provided evidence that HER2/HER3 trigger the PI3K-NF-κB pathway, leading to production of IGF2 by breast cancer cells that serve as niche cells and by breast cancer cells with stem-like properties ([Figure 6d](#fig6){ref-type="fig"}). The resulting IGF2 binds to IGF-1R, which is specifically expressed in cancer cells with stem-like properties, and activates the PI3K pathway, leading to expression of the ID1 transcriptional regulator, which controls maintenance of stemness. In turn, ID1 leads to the production of IGF2, forming a positive feedback circuit, IGF2-IGF1R-PI3K-ID1-IGF2. Moreover, it is possible that HER2/HER3-activated PI3K not only stimulates NF-κB but also contributes to a feedforward circuit from PI3K to ID1, bypassing the NF-κB pathway, and leading to further accumulation of the ID1 protein in cancer cells with stem-like properties. These positive feedback and possible feedforward circuits may be fundamental as well as general mechanisms by which niche cancer cells and cancer cells with stem-like properties interact, and by which the stemness of breast cancer cells is maintained in cancer tissues. Once the IGF2-IGF1R-PI3K-ID1-IGF2 stemness circuit is established, CSCs may become addicted to this mechanism. Drugs targeting a few molecules in the positive feedback circuits and feedforward circuits may be effective for eradicating CSCs, and may lead to cure, by preventing recurrence.

KM1468 has been reported to significantly inhibit the growth of human prostate cancer cells in bone implanted in immunodeficient mice.^[@bib37]^ A mixture of KM1468 and mIGF1 has also been reported to inhibit hepatic metastasis of human colon cancer cells in immunodeficient mice at low doses (0.1 μg/g mouse body weight).^[@bib38]^ We used the same low dose of KM1468 and mIGF1 for treatment of tumors derived from an IGF1R^high^ CSC-enriched population. Treatment with a mixture of KM1468 and mIGF1 greatly inhibited tumor initiation and tumor growth. The inhibitory effects were remarkable in a patient-derived xenograft model of triple-negative breast cancer. Thus, anti-IGF1/2 therapy may considerably block recurrence and metastasis of tumors derived from breast CSCs.

Several efforts have been made to target therapeutic approaches towards IGF2 signaling, for example, with use of IGF1R-specific antibodies, anti-IGF2 antibodies and IGF1R kinase inhibitors.^[@bib20],\ [@bib39]^ Although a phase III trial of IGF1R-specific antibodies as a single agent did not produce a favorable outcome, a phase I--II trial of combination of IGF1R inhibitor and mammalian target of rapamycin inhibitor showed a favorable outcome.^[@bib40]^ It would be important to stratify patients who are expected to respond to targeting IGF2 signaling by using predictive biomarkers, such as *IGF2* expression, ideally in blood samples.

We found that the HER2/HER3-PI3K-NF-κB pathway induces many cytokines and chemokines, including AR, bone morphogenic protein 7, CXCL12, IL-20, semaphorine 3B, vascular endothelial growth factor A and platelet-derived growth factor A. These factors also appear to have roles in the interaction between cancer cells with stem-like properties and the CSC niche. As AR stimulates tumor sphere formation in some patient-derived primary breast cancer cell samples, it is possible that AR has a role in cancer stem cell function.

CSC niche cells are comprised of various cell types, viz. breast cancer cells, cancer-associated fibroblasts and immune cells, as well as endothelial cells and pericytes that form blood vessels.^[@bib7]^ Vascular endothelial growth factor A, a typical angiogenic factor, stimulates the proliferation of endothelial cells.^[@bib41]^ platelet-derived growth factor A stimulates the proliferation of pericytes and cancer-associated fibroblasts.^[@bib42]^ CXCL12 is involved in many aspects of cancer biology, including cell proliferation, cell migration, CSC function and metastasis.^[@bib43],\ [@bib44]^ IL-20 may regulate immune cells.^[@bib45]^ CSCs may manipulate all of these factors so that they can proliferate and give rise to tumors in the human body.

Proteins in the ID family, ID1--ID4, are known to be master regulators of stemness in many tissue types under normal conditions.^[@bib23]^ A variety of molecular mechanisms strictly regulate the expression of IDs. We have provided the evidence that ID1 has important roles for the cancer stemness circuit in general.

We have very recently reported that a fusion driver gene, *CD74-NRG1/HRG*, found in a very minor subtype of lung adenocarcinoma confers CSC-like properties through IGF2 by *in vitro* study using only cell lines.^[@bib46]^ In the present study, we have extended the analysis to find the mechanistic bases of the positive feedback IGF2 circuit by using patient-derived breast cancer cells. Moreover, we have demonstrated that the circuit is indeed the Achilles\' heel of CSCs, in general, by using patient-derived *in vivo* model.

Materials and methods
=====================

Primary cell culture and tumor sphere formation assay
-----------------------------------------------------

Patient-derived tumor tissues were treated according to a previously described method.^[@bib16]^ We previously confirmed that patient-derived tumor cells plated at 5000 cells per ml yield tumor spheres that are clonally derived from single cells.^[@bib16]^ Sphere formation assay was performed as described previously.^[@bib16]^ Briefly, cells were plated as single cells on ultralow attachment 24-well plates (2000--5000 cells per well). Spheres were grown in SCM containing 20 ng/ml EGF (Millipore, Billerica, MA, USA), 20 ng/ml basic fibroblast growth factor (PeproTech, Rocky Hill, NJ, USA), B27 (Gibco, Grand Island, NY, USA) and heparin (Stem Cell Technologies, Vancouver, BC, Canada) or in DMEM/F-12 medium supplemented with 20 ng/ml recombinant human HRG (R&D Systems Inc., Lille, France), 200 ng/ml recombinant human IGF2 (R&D Systems Inc.) and 20 ng/ml AR (R&D Systems Inc.) or 200 ng/ml IL-20 (R&D Systems Inc.), with or without anti-IGF2 antibody (clone S1F2; Millipore) and anti-AR antibody (R&D Systems Inc.). Spheres \>75 μm in diameter were counted after 4--7 days. Sphere-forming efficiency was calculated as the ratio of the number of spheres formed to the number of cells originally plated (2000--5000 cells per well).

Identification of gene sets upregulated by the HER2/3-PI3K-NF-κB pathway at early time points up to 6 h and throughout the time course
--------------------------------------------------------------------------------------------------------------------------------------

To identify upregulated genes at early time points, we first calculated the sum of the expression values at the seven measured time points (0 and every hour up to 6 h), for each condition as below. Following this, we obtained the average gene expression value by dividing the sum by 7, for each condition. Each condition is as follows: N, no treatment; D, treatment with 1 μg/ml DHMEQ (NF-κB inhibitor); LY, treatment with 1 μ[m]{.smallcaps} LY294002 (PI3K inhibitor) (Cell Signaling Technology, Beverly, MA, USA); H, stimulation with 100 ng/ml HRG; HD, stimulation with HRG and treatment with DHMEQ; and HLY, stimulation with HRG and treatment with LY294002. The potentially upregulated genes downtream of HER2/HER3-PI3K-NF-κB pathway were selected that satisfied the following criteria: H ≧1.25 N, H ≧1.25 D, H ≧1.25 LY, H ≧1.11 HD and H ≧1.11 HLY. We obtained data at various time points; we considered the differences in expression levels to be significant, even when they were \<1.5-fold. Similarly, to identify upregulated genes throughout the time course, we calculated the average gene expression values at the 17 measured time points (0, and every hour up to 16 h), for the aforementioned conditions (GEO accession number GSE64073).

Antibodies
----------

The following antibodies were used: anti-ID1 (C-20, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-IGF2 (clone S1F2, 1:5000; Millipore), anti-IGF1R (no. 9750; Cell Signaling Technology), anti-p-Akt (no. 4060; Cell Signaling Technology), anti-Sox2 (no. 3579; Cell Signaling Technology) and anti-β-actin (clone C4, 1:20 000; Millipore) antibodies.

Construction of lentiviral vectors
----------------------------------

For construction of the lentivirus plasmid vector for expression of the *IGF2* gene, the CSII-EF-MCS-IRES2-Venus vector (a kind gift from H Miyoshi, RIKEN, Tsukuba, Japan) and standard molecular biological techniques were used.^[@bib47]^ The CSII-EF-MCS-IRES2-Venus vector is a plasmid with a gene encoding d2Venus.^[@bib48]^ *IGF2* cDNA was amplified with a primer pair encompassing the entire coding sequence of the *IGF2* gene, gel-purified and was then ligated into the lentivirus plasmid vector. Lentivirus plasmid DNA (1000 ng/μl) was transfected into HEK293T cells along with packaging plasmids (pCMV-VSV-G-RSV-Rev and pCAGHIVgp) by using the Lipofectamine (Invitrogen, Karlsruhe, Germany) transfection reagent. The medium was changed after 16 h. High-titer viral stocks were prepared by ultracentrifugation.

Tissue microarray analysis
--------------------------

We used four different breast cancer tissue microarrays (BR951, T086b, CBA4 and CBB3) that were purchased from Biomax Inc. (<http://www.biomax.us/>) and Super Bio Chips Laboratories (<http://www.tissue-array.com/>). Tissue microarrays accommodated 105 primary breast cancer cases, totally. The demographic and clinicopathological details of patients and tumors are provided in the manufacturer\'s websites. Histological grading in accordance to the Nottingham grading system for breast cancer^[@bib49]^ and immunohistochemical evaluation of IGF2 were performed by a pathologist (DM) through light microscopic observations in a blinded manner. *P*-values were calculated by using Fisher\'s exact test.

Analysis of the prognosis of breast cancer patients of publically available gene expression profiles by using the IGF2 signature
--------------------------------------------------------------------------------------------------------------------------------

By analysis of DNA microarray gene expression profiles of IGF2-overexpressing MCF7 cells and control cells, 670 and 422 genes were selected whose expression levels were significantly upregulated or downregulated, respectively, in IGF2-overexpressing cells compared with control cells (*q*-value \<0.0001 by unpaired Welch\'s *t*-test and false discovery rate with the Benjamini--Hochberg procedure). Then, 545 genes were further selected and designated as 'IGF2 gene signature\', as expression levels of each gene were significantly positively (172 genes) or negatively (373 genes) correlated with the expression levels of *IGF2* in DNA microarray gene expression profiles of the breast cancer tissues, reported by Curtis *et al.*^[@bib31]^ (*q*-value \<0.01 by Pearson\'s product-moment correlation test and the Benjamini--Hochberg method) ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). To measure the enrichment score of the IGF2 gene signature, we performed principal component analysis of the expression profiles of these 545 genes in the expression profiles of the breast cancer patients in each data set as reported previously.^[@bib50]^ The 'IGF2 gene signature score\' for each patient was calculated as the first principal component. Tumors were then classified as 'IGF2 gene signature low\' if their score was \<40 percentile of the score and as 'IGF2 gene signature high\' if their score was \>60 percentile of the score. To evaluate the prognostic value of the IGF2 gene signature, we used the Kaplan--Meier method and the *P*-value was calculated using the log-rank test.

Anti-IGF1/2 antibody treatment *in vivo*
----------------------------------------

KM1468 (rat IgG2b with Fc fragment) was provided from Kyowa Hakko Kirin Co. Ltd (Tokyo, Japan). Normal goat IgG control and mouse anti-IGF1 antibody were purchased from R&D Biosystems. Patient-derived breast cancer cells (10^2^ cells per site) were injected into the mammary fat pads of 8-week-old female immune-compromised IL2-receptor γc-dificient (NSG) mice and each antibody (0.1 μg/g mice body weight) was subsequently given intraperitoneally into mice every week. For evaluation of adverse effects due to antibody treatment, body weight of the mice was monitored every week.

Statistics
----------

Student\'s unpaired *t*-test was used to compare differences between two samples. For tumor sphere-forming frequency, tumor volume and tumor weight, the paired two-tailed *t*-test was used. Values are presented as means±s.d. Values of *P*\<0.01--0.05 (\*), *P*\<0.001--0.01 (\*\*) or *P*\<0.001(\*\*\*) were considered significant. Tumor-initiating frequency was calculated using the ELDA software (<http://bioinf.wehi.edu.au/software/elda/index.html>), provided by the Water and Eliza Hall Institute (Parkville, VIC, Australia).^[@bib51]^
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![IGF2 stimulates the sphere formation of most of the patient-derived primary breast cancer cells. (**a**) A Venn diagram of genes encoding cytokines/chemokines downstream of HER2/HER3-PI3K-NF-κB pathway that were upregulated at early time points (up to 6 h) and/or throughout the time course (0--16 h) after HRG treatment. (**b** and **e**) Representative phase contrast images of primary culture of tumor spheres derived from breast cancer patients. The cells were incubated with or without IGF2 (200 ng/ml), AR (20 ng/ml) or SCM (EGF/bFGF/B27). Scale bar: 100 μm. (**c** and **d**) Induction of spheres by IGF2 in different samples of breast cancer patients (**c**) and in different cancer cell lines (**d**). (**f** and **g**) Induction of spheres by AR compared with EGF (20 ng/ml) (**f**) or by IL-20 (200 ng/ml) compared with SCM (**g**) in patient-derived breast cancer cells. For (**c--g**), the spheres were counted and the percentage of sphere-forming cells were determined for each treatment group (*n*=4). \*\**P*\<0.01; \*\*\**P*\<0.001.](onc2016293f1){#fig1}

![IGF2 is a key factor for the sphere formation. (**a**) Reduction of HRG-induced sphere formation of MCF7 cells and of patient-derived primary breast cancer cells by treatment with an anti-IGF2-neutralizing antibody (IGF2 NAb). (**b**) HRG-induced sphere formation of MCF7 cells was not significantly affected by treatment with an anti-AR neutralizing antibody (AR NAb). The spheres were counted and the percentage of sphere-forming cells were determined for each treatment group (*n*=4). \*\**P*\<0.01; \*\*\**P*\<0.001.](onc2016293f2){#fig2}

![Overexpression of IGF2 increases sphere-forming activity and tumor-initiating activity and correlation of *IGF2* expression with breast cancer malignancy and prognosis. (**a**) Immunoblotting analysis of *IGF2* expression in MCF7 cells transduced with a lentiviral control (Vector) or IGF2-expressing vector (IGF2-OE). Actin was used as a loading control. (**b**) Representative phase contrast images of tumor spheres of the cells in (**a**). Scale bar: 100 μm. (**c**) The number of spheres of the cells in (**a** and **b**) were counted and the effect of anti-IGF2 antibody (1 mg/ml) on sphere formation of the IGF2-overexpressing cells was analyzed (*n*=4). (**d**) Representative images of tumors generated in mice injected with cells described in (**a**). Scale bar: 1 cm. (**e**) Representative images of anti-IGF2 antibody immunohistochemical staining of tissue microarray of breast cancer samples. (**f**) Quantification of the expression levels of IGF2 in grade I and grade II/III breast cancer tissues. (**g**) Kaplan--Meier plots for estimation of disease-specific survival of patients with breast cancer tissues showing low or high IGF2 gene signature. \*\**P*\<0.01.](onc2016293f3){#fig3}

![IGF1R is predominantly expressed in CSC-enriched population and IGF1R^high^ cell population shows strong sphere-forming activity. (**a**) Fluorescence-activated cell sorting (FACS) analysis of freshly obtained patient-derived breast cancer cells (sample no. 5, luminal subtype). The cells were sorted according to the expression of CD44 and CD24. The CD44^high^CD24^low^ CSC-enriched population and the control population were then sorted according to the expression of IGF1R or IR. (**b**) Representative phase contrast images of sphere formation by patient-derived breast cancer cells with high or low IGF1R, which were stimulated with or without HRG (20 ng/ml) (sample no. 6, luminal subtype). Scale bar: 100 μm. (**c**) Quantification of the sphere-forming activity of the cells with high or low IGF1R, which were stimulated with or without IGF2 or HRG (*n*=4). \**P*\<0.05.](onc2016293f4){#fig4}

![Expression of ID1 is induced by PI3K activity downstream of HRG and IGF2 stimulation and has important roles in tumor sphere formation. (**a** and **b**) Immunoblotting analysis of ID1 expression in lentivirus-transduced control (Vector) and IGF2-overexpressing (IGF2-OE) MCF7 cells (**a**) and in IGF1R^high^ and IGF1R^low^ patient-derived primary breast cancer cell populations (sample no. 7, triple-negative subtype) (**b**). Cell lysates were immunoblotted with anti-ID1, IGF1R or actin (loading control) antibodies. (**c** and **d**) MCF7 cells were stimulated with HRG (100 ng/ml), with or without treatment with LY294002 (LY) (1 m[m]{.smallcaps}) or anti-IGF2 antibody (1 mg/ml) (**c**) or with IGF2 (200 ng/ml) with or without treatment with LY294002 (1 m[m]{.smallcaps}). (**d**) Expression of *ID1* was examined using qRT--PCR. Data are expressed as fold increase relative to no treatment and means±s.d.; *n*=3. (**e**) Immunoblotting analysis of the expression of ID1 protein in MCF7 cells following stimulation with or without IGF2 (200 ng/ml). Cell lysates were immunoblotted with anti-ID1 antibodies. p-Akt^S473^ was assayed as a positive control. Actin was blotted as a loading control. (**f--j**) Effects of transfection of IGF2-overexpressing MCF7 cells with siRNA for *ID1* or with control siRNA were examined on: (**f**) expression of ID1 protein by immunoblotting, (**g** and **h**) sphere-forming activity; (**g**) representative phase contrast images of formed spheres. Scale bar: 100 μm. (**h**) The spheres were counted and the percentage of sphere-forming cells were determined for each group (*n*=4). (**i**) Immunoblotting analysis of expression of Sox2 protein in control (Vector) and IGF2-overexpressing (IGF2-OE) MCF7 cells transfected with siRNA for *ID1* or control siRNA. (**j**) Expression of *IGF2* mRNA by qRT--PCR upon stimulation with IGF2 (200 ng/ml); *n*=3. \*\**P*\<0.01; \*\*\**P*\<0.001.](onc2016293f5){#fig5}

![Treatment with anti-IGF1/2 antibodies inhibits tumor growth derived from IGF1R^high^ cell population. (**a**) IGF1R^high^ population of patient-derived breast cancer cells (sample no. 7, triple-negative subtype) were injected into the mammary fat pads of NSG mice. The mice were treated with control IgG or IGF antibodies (KM1468 and mIGF1). Tumor volume was measured every week. (**b**) Images of tumors generated in mice injected with patient-derived breast cancer cells. (**c**) Tumor weight was measured at 57 days after implantation. (**d**) HER2/HER3-PI3K-NF-κB pathway may trigger IGF2-PI3K-ID1-IGF2-positive feedback circuit (orange arrows) and possible PI3K-mediated feedforward circuit (blue dotted arrow) to maintain the stemness of breast cancer cells. \*\**P*\<0.01.](onc2016293f6){#fig6}

###### Incidence of tumors derived from MCF7 cells overexpressing IGF2

            *Cells per site*   *Tumor-initiating cell frequency estimate*   *95% Confidence interval*   *Fold reduction*   *Probability*                                    
  -------- ------------------ -------------------------------------------- --------------------------- ------------------ --------------- -------------------------- ------ ----------
  Vector          0/8                             0/8                                  1/8                    2/8            1/591 395     (1/814 273--1/8 247 029)   1122   1.62e−33
  IGF2            8/8                             7/8                                  8/8                    8/8              1/309           (1/941--1/5665)                   

Abbreviations: IGF2, insulin-like growth factor 2; NSG, NOD scid gamma. 10^3^, 10^4^, 10^5^ or 10^6^ IGF2-overexpressing MCF7 cells or control cells were suspended in 50 μl Matrigel and were subcutaneously injected into mammary fat pads of the 8-week-old female NSG mice. Results were obtained after 8 weeks. Frequency determinations were generated using the ELDA software.^[@bib51]^

###### Incidence of tumors derived from patient-derived breast cancer cells

                  *Cells per site*   *Tumor-initiating cell frequency estimate*   *95% Confidence interval*   *Fold reduction*   *Probability*          
  --------------- ------------------ -------------------------------------------- --------------------------- ------------------ ---------------- ----- ----------
  IGF1R ^low/−^   0/6                1/6                                          2/6                         1/1840             (1/57--1/5930)   131   1.98e−11
  IGF1R ^high^    3/6                6/6                                          6/6                         1/14               (1/5--1/43)             

Abbreviations: IGF1R, IGF1 receptor; NSG, NSG, NOD scid gamma. Sample no. 6, triple negative.

10, 10^2^ or 10^3^ IGF1R^high^ or IGF1R^low/^− cells of primary tumor cells were suspended in 50 μl Matrigel and subcutaneously injected into mammary fat pads of the 8-week-old female NSG mice implanted β-estradiol (E2) pellets. Results were obtained after 9 weeks. Frequency determinations were generated using the ELDA software.^[@bib51]^
